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SECTION I
1.0 INTRODUCTION

The objective of this program was to generate data on the
effect of various environments on the physical and mechanical
properties of Thornel 300 Graphite/Narmco 5208 composites. This
system is currently under investigation for a wide variety of
aerospace structural components and is commercially available
in prepreg tape and broadgoods forms. The laminates and speci-
mens were fabricated at IITRI utilizing autoclave processing
techniques.

The environmental conditioning treatments were identical
to those employed in a similar program(l)* for three other com-
posites: Avco 5505/Boron; Modmor II Graphite/Narmco 5206; and
Hercules 3002M/Courtaulds HMS Graphite and the results of this
program together with those of Reference 1 provide critical
information on several advanced composite materials. The
environments included steady state humidity conditioning for
two exposure durations, cyclic humidity conditioning which in
turn included the effects of thermal shocks and the effect of
photodegradative exposures and steady and cyclic thermal ex-
posures.

The testing program encompassed the following properties:
1. tension
compression
. 1in-plane shear

2
3
4, interlaminar shear
5

. flexural tests

* Numbers in parenthesis refer to the References Section at the
end of this report.



. fatigue
. creep and stress-rupture

thermal expansion

O 00 N o

. thermal conductivity

10. density.
Selected tests were also performed on coated samples.

An outline of the entire program is presented in Tables I
through III.



TABLE I

BASE LINE DATA PROGRAM FOR
THORNEL 300 GRAPHITE/NARMCO 5208

Fiber Numbers of Specimens
Property Orient, RT 260°F 350°F Total
Tension 0° 5 (3)* 5 A3) 5 (3) 15 (9)
90° 3@ 5 ) 5() |15 (9)
0°/90°/+ 45°} 5 3) 5 (3) 5 (3) 15 (9)
Compression 02 5 13) - 5 (3) 10 (6)
Sandwich Beam 90° 5 (3) - 5 (3) 10 (6)
0°/90°/+ 45°| 5 (3) - 5 (3) 10 (6)
Compression 0° 5: {(3) 5 (3) 5 «(3) 15 (9)
Conpon 90° 503 5@ 5 @3) |15 (9)
0°/90°/+ 45°] 5 (3) 5 (3) 5 (3) 15 (9)
In Plane Shear +45%) 5 (3) 5 3) 5 (3) 15 (9)
Int. Shear ' 0° 5 5 5 15
0°/90°/+ 45° | 5 5 5 15
Flexure 0° 5 5 5 15
90° 5 5 5 15
0°/90°/+ 45° | 5 5 5 15
Fatigue R = 0.1 0° 10 10 10 30
90° 10 10 10 30
0°/90°/+ 45° | 10 10 10 30
Creep & 0° _ 10 (10) 10 (10) | 20 (20)
Stress 90° - 10 (10) 10 (10) | 20 (20)
speuRe 0°/90° /+ 45° - 10 (10) 10 (10) | 20 (20)
Thermal Expansion 0° - - 3 3
90° - - 3 3
0°/90°/+ 45° - - 3 3
Thermal Conductivity 0° - - 3 3
- 90° - - 3 3
0°/90°/+ 45° - - 3 3
Density (at RT) 0° 3 - - 3
90° 3 - - 3
0°/90°/+ 45° | 3 - - 3

* Numbers in parenthesis indicate instrumented Specimens.

3
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SECTION II

2.0 TECHNICAL DISCUSSION

2.1 Material

A current graphite/epoxy composite material which is
being investigated widely for application to aerospace struc-
tural components is Thornel 300 Graphite/Narmco 5208. This
material is available in a wide variety of forms but is generally
utilized in the prepreg tape form.

The specification to which the Thornel 300 Graphite/
Narmco 5208 material was ordered was:

General Dynamics specification: FMS 2023, Type III,
Form A. ''Graphite Fiber High Tensile Strength, Intermediate
Modulus, Epoxy or Modified Epoxy Resin Impregnated,” dated
November 30, 1972 and all amendments.

This specification is used widely throughout the industry
and is available directly from General Dynamics Convair Division
Fort Worth, Texas.

2.1.1 Material Procurement

Sixty lbs. of material were utilized during this program.
The material was ordered in the 3" wide continuous tape form
under the trade name Rigidite 5208/Thornel 300 Type III, Form
A. Fourteen (14) rolls of batch 53 were delivered to IITRI to
meet this order. The resin (solids) content, room‘temperature
and 350°F flexural strengths and moduli and the horizontal shear
strengths were determined for the 0° orientation by Whittaker
Corporation, Narmco Materials Division. The certification
report by Whittaker that this batch conforms to Spec. FMS 2023
is presented in Appendix I. (The rolls 16, 17 and 18 which
have a solids content below the minimum were accepted on the



basis that the material could be mixed with higher resin content
rolls and thus provide an average within the limits of FMS 2023.

2.1.2 Quality Assurance Testing

As a part of IITRI's quality assurance program, 0° and 90°
flexural coupons and 0° interlaminar shear coupons were prepared.

The acceptance data for panel No. 7 are shown in Table IV.
On the basis of these test results, batch 53 was accepted for
this program.

2.1.3 Laminate Fabrication

2.1.3.1 Processing

The fabrication techniques followed at IITRI have been
discussed in reference 1. An autoclave provides the pressure
and temperature necessary to cure the resin in accordance with
the following cure schedule recommended by General Dynamics for
fabricating panels:

1. Full vacuum (26" HG) is applied to the bagged
green layup.

2. The panel is heated from room temperature to
275°F + 5°, -10°F in 40 + 8 minutes (correspond-
ing to a 4 to 6 degrees F/minute heat up rate)

3. The layup is held at full vacuum and 275°F +
5°F -10°F for 60 + 5 minutes.

4. Pressure is then increased to 85 psi + 5 psi.
The vacuum is vented to outside air when the
pressure has reached 25 psi.

5. Upon reaching 85 + 5 psi, the temperature is
increased to 355°F + 10°F -5°F in 15 + 3 minutes.

6. The system is held at 85 psi + 5 psi and 355°F
+ 10°F =5°F for 120 + 5 minutes.

7. The system is then cooled to 140°F maintaining
the 85 psi + 5 psi pressure in not less than
30 minutes.
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8. The panels are postcured subsequently for 240 +
5 minutes at 400°F + 10°F. The heatup rate for
postcuring panels is from RT to 400°F in 64 + 10
minutes.
Throughout the postcure, the panels are loosely supported
between two layers of 1/2 to 3/4 inch thick aluminum honeycomb

core.

The quality assurance panel layups consisted of 15 plies
covered with 3 plies of 181 bleeder cloth and 1 ply of 181 vent
cloth. Seven quality assurance panels were prepared and the best
results were obtained using a top surface caul plate to control
the thickness (panel 7). This panel appeared to have less bleed
off than many of the previous panels. At the optimum process,
fiber volumes of approximately 687 were obtained.

A description of the various panels utilized during this

program is shown in Table V.

2.1.3.2 Quality Control Procedures

All Thornel 300Narmco 5208 epoxy laminates prepared for
use on this program were nondestructively examined for voids
using ultrasonic C-scan procedures. To assist in this effort
and N.D.T. test panel, with voids purposefully placed on the
inside of the panel was prepared. The panel was an eight ply
[0°, 90°, 0°, 0°, 0°, 0°, 90°, 0°] with the flaws between the
middle two zero degree plies. The panel measured 6" x 14" and
contained 1) a piece of masking tape, 2) a strip of polyethylene
film, 3) a strip of teflon vent film and 4) a section of release
paper. 120 cloth was added to the laminate in the areas not
occupied by the various flaws so as to maintain continuity of
thickness over the panel area. This panel was used to establish
the gate for the C-scan for acceptance or rejection of all test
panels. (See Appendix I)

10



TABLE V - TEST PANEL DESCRIPTIONS FOR

THORNEL 300 GRAPHITE/NARMCO 5208

ORIENTAT ION PLATE GEOMETRY SggéIggNS
Length Width  Thickness Plate No.
(in) (in) (plies/in.
0° '9.25 10 15/0.081 129 T1301
90° 9.0 19 8/0.042 17 71302
90° 9.0 19 8/0.042 17 T1303
90° 9.0 19 8/0.040 17 T1304
0° 272 13 6/0.032 63 T1305
0° 18.1 12 6/0.032 40 T1306
0° 18.1 12 6/0.033 40 T1307
0° 18.1 12 6/0.032 40 T1308
0° 18.1 12 6/0.031 40 T1309
0® 18,1 12 6/0.031 40 T1310
0* 18.1 12 6/0.030 40 T1311
0° 18.1 12 6/0.032 40 T1312
90° 9 19.8 8/0.041 18 T1313
90° 9 19.8 8/0.039 18 T1314
90° 9 19.8 8/0.041 18 T1315
90° 9 19.8 8/0.041 18 T1316
90° 9 19.8 8/0.042 18 T1317
90° 9 19.8 8/0.042 18 T1318
0° 11 22 6/0.031 10 T1319
90° o | 22 8/0.041 10 T1320
*[0/45/135/0/901 11 22 9/0.047 10 T1321
+ 45° 9 23, 8/0.042 21 T1322
+ 45° 9 2 8/0.043 21 T1323
+ 45° 9 22 8/0.042 20 T1324
+ 45° 9 o 8/0.042 20 T1325
+ 45° 9 22 8/0.042 20 T1326

* [0/+45/-45/0/90/0/-45/+45/0]

11



TABLE V - (Continued)

ORIENTATION PLATE GEOMETRY SII\’IEC IS[ENS
Length Width Thickness Plate No.
(in) (in) (plies/in.) '
*[0/45/135/0/90] 18.1 i2.1 9/0.047 22 T1327
[0/45/135/0/56]S 18.1 12.1 9/0.048 22 T1328
[0/45/135/0/66]S 18.1 11 9/0.047 20 T1329
[0/45/135/0/56]S 18.1 11 9/0.048 20 T1330
[0/45/135/0/90]S 18.1 11 9/0.049 20 T1381
[0/45/135/0/90] 18.1 12.1 9/0.050 22 T1332
[0/45/135/0/90], 18.1 12.1 9/0.048 29 T1333
[0/45/135/0/90]  18.1 191 9/0.047 22 T1334
[0/45/135/0/90], 18.1 Tip 9/0.049 20 T1335
[0/45/135/0/56]S 18.1 11.0 9/0.048 20 T1336
[0/45/135/0/90]S 18.1 11.0 9/0.048 20 T1337
[0/45/135/0/90] 18.1 L0 9/0.047 20 T1338
[0/45/135/0/90], 18.1 11.0 9/0.049 20 T1339
[0/45/135/0/'9'6]S 18.1 11.0 9/0.049 20 T1340
[0/45/135/0/90] 18.1 11.0 9/0.049 20 T1341
[0/45/135/0/901S 27.2 11.6 9/0.047 30 T1342
p® 12.0 10.0 12/0.063 99 T1343
90° 11.0 16.0 20/0.106 99 T1344
[0/45/135/0/90]_ 20.7 ¥l 18/0.098 129 T1345
[0/45/135/0/90] .6 8.8 9/0.048 66 T1346
0° : .8 i2.3 10/0.053 120 T1347
0° 18.1 12 6/0.031 40 T1348
90° Lty 9 8/0.042 40 T1349
[0/45/135/0/90] 37 19 9/0.048 40 T1350

* [0/+45/-45/0/90/0/-45/+45/0]



The N.D.T. test panel described above was then used to
set the gate for an ultrasonic C-scan of the test laminates. All
of the panels were non-destructively tested. Typical scans are
shown in Appendix I for acceptable panels. Appendix I also shows
an ultrasonic scan for a reject panel (No. 1333B) which was later
refabricated.

2.1.3.3 Physical Properties

Density measurements were made on at least one panel of
each set fabricated in the autoclave. Usually a set of three
panels were fabricated simultaneously. The densities shown in
Table VI were determined using the gravimetric process. The
values for the densities of Thornel 300 and of Narmco 5208 resin
were obtained from Whittaker Corp. No void contents are shown
in this table. This does not mean that the laminates were void
free but of low voids.

2.2 Conditioning Treatments

The various conditioning treatments, to which the com-
posite materials were exposed are described in this section.
The equipment and procedures followed in the accomplishment of
these conditioning treatments are found in Reference 1.

In addition, a comparison base of data was obtained against
which the effects of these various conditioning treatments might
be measured. The extent of this baseline data program was
described in Section I, Table I. The individual baseline data
for Thornel 300 Graphite/Narmco 5208 are found in Appendix II.

2.2.1 Steady State Humidity Conditioning
The steady state humidity conditioning of specimens includes
500 and 1000 hr. (3 weeks and 6 weeks) exposure to 98% + 2%

13
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relative humidity and 120°F (see Table II). This exposure is
the same as that recommended by Mil Handbook 17.

The specimens which were subjected to humidity exposure

were prepared as follows:

1) All specimens were finish machined and the appro-
priate room temperature or elevated temperature
tabs were bonded prior to initiation of the pre-
conditioning treatment. For elevated temperature
tests subject to prior humidity exposure the tab
adhesive was Metalbond 329. For room temperature
tests subject to prior humidity conditioning the
adhesive was FM 1000.

2) All specimens for static and creep tests were
instrumented (as required) with electrical resist-
ance foil strain gages. The gages were protected
with M-coat resin coating taking care to cover a
minimum area.

3) The edges of the samples were not protected since
protection could not be guaranteed to be only to

the edges and not to the surfaces of specimen.

4) The samples were individually weighed prior to
insertion in the chamber.

5) Each sample was arranged in the chamber to permit
maximum exposure to the moisture-laden air as it
flowed from the inlet orifice to the chamber.

These steps were followed to permit rapid testing of the
samples after removal from the chamber. Upon removal from the
chamber, the specimens were reweighed, wires were attached to

the strain gages and the specimens were tested within 8 hours

15



of removal from the chamber. For certain long term fatigue and
creep tests, where the tests were held up for a longer time due
to machine unavailability, the samples were sealed in a protec-
tive vinyl, moisture proof container. These samples were then
reweighed, prior to testing, to determine if moisture loss had

occurred.

2.2.2 Cyclic Humidity Conditioning
2.2.2.1 Thermo-Humidity Cycle

Table II listed two cyclic humidity conditioning exposures
for resin matrix composites. The first humidity cycle was the
Thermo-Humidity cycle selected from a review of previous aero-
space practices. The Webber Environmental Chamber was again

used for the humidity exposure.

The details of the Thermo-Humidity cycle employed are:
(1) The total time period for the cycle was 500 hours. (2)
During this period, the specimens were placed in the environ-
mental chamber and exposed to a relative humidity of 95 + 27%
at 120° + 5°F except for one and one half hour each work day
of the week when they were taken out and subjected to thermal
shock. (3) This shock treatment consisted of exposing the
specimens for one hour at -65°F in a cold chamber followed by
an exposure of one half hour at 250°F in an oven. (4) During
the weekend the specimens remained in the environmental chamber

continuously exposed to the humidity conditions mentioned above.

The frost conditions on the specimens after exposure to
-65°F were noted but no specimen delamination occurred after

removal from the 250°F portion of the cycle (See (1)).

All appropriate specimens were strain gaged in the same
manner as the steady-state exposure and were wired after ex-

posure prior to testing. The test specimens were made ready

16



for testing within eight hours after removal from the test
chamber as was done for the steady state humidity conditioning

exposures.

2.2.2.2 Accelerated Weathering Humidity Cycle

The second humidity cycle was an accelerated weathering
cycle. An Atlas Twin ARC Weatherometer, Type D as specified in
ASTM G23-69 was employed for these tests. All panels and/or
specimens were exposed in the weatherometer to the following
operation schedule. The recommended practice for this equip-
ment was as described in ASTM D1499-64 and ASTM G23-69. The
apparatus was operated 5 days per week, and each 2-hour cycle
of operation was divided into periods, during which the panels
and specimens were exposed 102 minutes to light without water
and 18 minutes of light with water spray. The test specimens
remained undisturbed during the remaining 2 days of the week.

The exposure procedures followed were as follows:

The black panel thermometer unit was placed in the test
panel rack and with the light on and the water off, the thermo-
regulator was set so that the temperature on the thermometer
read 145° + 5°F., when the thermometer was at the point where
the maximum heat was produced as the panel rack revolved around
the light.

The water supply was adjusted so that the pressure of the
water at the spray nozzle was between 12 and 15 pounds per
square inch so that the water struck the specimens in a fine
spray in sufficient volume to wet the entire surface of the

specimens upon impact.

New carbons and clean filters were installed in the light as-
sembly and the weatherometer was started. At the end of a burning

period (daily), the old carbons were removed and the decomposition

17



ash was cleaned from the carbon holders and other parts of the
light assembly, and the filters were washed with detergent and
water. The position of the test panels and specimens were trans-
posed to provide a uniform distribution of light in a vertical
plane over the entire surface of the test specimens. New carbons
were installed, the filters were replaced and the weatherometer
restarted. These operations were repeated on a daily basis
until the test specimens were exposed for a time period of 500
hours including weekend rest periods. (This resulted in a 360

hour active exposure time plus 140 hours of rest periods).

2.2.3 Steady State Thermal Conditioning

For steady state thermal exposure conditioning conventional
circulating air ovens were used to obtain exposures at 260°F and
350°F for time periods of 100 and 500 hours. The samples were
arranged to get uniform distribution of air circulation over

the specimens without localized hot spots.

2.2.4 Cyclic Thermal Conditioning
Thermal cycles from 100°F to 260°F to 100°F and from 100°F
to 350°F to 100°F were adopted for cyclic thermal conditioning.

Exposure of test samples for both 500 cycles and 1000 cycles
was undertaken. A cyclic rate of one cycle per hour was estab-
lished.

2.3 Test Specimens and Procedures

This section briefly lists the test specimens and procedures
utilized for generating the data during this program. A detailed
description of the test specimens, specimen fabrication proce-
dures and test equipment is found in Appendix II of Part I of

Reference (1).

18



2.3.1 Tensile, Fatigue and Creep Specimens

The same specimen configuration was utilized for tension,
fatigue (R = 0.1) and tensile creep tests. In addition in-
plane shear properties were determined using a + 45° tensile
test. The IITRI straight-sided tab ended coupon was utilized
for these properties. After environmental conditioning, each
static tensile specimen was fitted with three electrical-resis-

tance foil strain gages.

2.3.2 Compression Testing

Two types of specimens were employed for compressive test-
ing. The first was the sandwich beam compression specimen
which was utilized only in the generation of baseline data. The
second specimen was a coupon specimen commonly known as the
Celanese specimen which is an adaptation of the IITRI tensile
coupon with longer tabs, reduced gage section and a narrower
width. The coupon test fixture was the IITRI compression coupon

test fixture.

(A1l comparative performance results are shown using the

coupon test data for the baseline and conditioned curves).

2.3.3 Flexural and Interlaminar Shear Tests

The specimens used for all flexural testing was the fifteen
ply, coupon universally used for testing advanced composites.
Specimens were loaded in a 3 (0° coupons) or 4-point (90° coupons)
bending fixture, Elevated temperature tests were conducted in a
Missimer circulating air oven and loads were applied in tension

to a flexural test rig.

The maximum interlaminar shear strength of oriented fiber
composites was determined on short beam shear specimens. Elevated
temperature tests were performed with the assistance of the fix-

ture described above.

19



2.3.4 1In-Plane Shear Properties

The in-plane shear stress-strain curve was determined from
a + 45° angle ply laminate tested in uniaxial tension supple-
mented with data from the 0° and 90° tests, and the incrementa-

tion of the + 45° tensile stress strain curve.

2.3.5 Fatigue Tests

The fatigue tests (R = 0.1) were performed at a cyclic
rate of 1800 cpm, employing eccentric weight mechanical dynamic-

load applicators.

2.3.6 Creep and Stress Rupture Tests

The creep equipment consisted of 32 tensile stands located
on a vibration-free floor. Each stand was provided with a set
of tensile grips enclosed in individually controlled ovens. The
ovens are capable of achieving specimen temperatures of up to
800°F. A jig was used to align and grip the specimens prior to
installation on the creep stands. For the creep stands employed,

the load multiplication factor was 10:1.

2.3.7 Thermophysical and Density Properties

Linear thermal expansion was measured by an automatic
recording dilatometer similar to that described in ASTM Designa-
tion: C337-57. The dilatometer used had an accuracy of more

than 997% and a reproducibility within + 27%.

Thermal conductivity measurements were made using the steady
state longitudinal heat flow technique. The sample consisted on
ten 3/64 x 1/2 x 2-inch laminates sandwiched together to form a
1/2 x 1/2 x 2-inch conductivity specimen. Data are obtained
from ambient room temperature to 350°F in air for three specimens
in each of three laminate orientations. Densities of the lami-

nates were determined by the gravimetric method.

20



2.4 Static Properties
2.4.1 Baseline Data
The static baseline data are found summarized in Appendix

IT including average stress strain curves in tension compression,
and shear for 0°, 90° and [0/45/135/0/56]s laminates. The data
were obtained from strain gages and were reduced and plotted
using computer plotting routines. To average the values of
stress and strain obtained from three tests conducted at a

given temperature, a program (least squares) to fit a curve to

the data was used as a sub-routine to the plotting program.

2.4.2 Effects of Humidity Conditioning
The steady state exposure of the Thornel 300 Graphite/Narmco

5208 composite specimens to 987 relative humidity resulted in
moisture pickup by the exposed uncoated samples. Fig. 1 shows
the moisture pickup versus time and is an aggregate of moisture
pickup for three orientations, three thicknesses (ply thickness),
and two widths of sample. Thus, the ratio of surface area to
volume of the samples varies over a substantial range and the

ratio of exposed fiber ends to surface area also varies.

In plotting these gains for the four different humidity
environments account was taken of the various orientations,
specimens sizes etc. (see legend on each figure). Thus while
the surface area to volume ratio for a nine ply [0/45/135/0/36]S
laminate may remain virtually the same as a six ply [0]6 laminate,
the exposed fiber ends on the [0/45/135/0/66]S laminate provide

more potential entry paths for moisture to enter the specimen.

Groups of specimens of a given type were inserted at
various times into the humidity chamber during their appropriate
schedules. Therefore several different points appear at the

same total exposure time. Each point represents an average of
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from 10 to 20 specimens of the type indicated. Thus the varia-
bility of moisture pickup from group to group can be obtained
from Fig. 1 as well.

The results for the Thermo-Humidity Cycle and the accel-
erated weathering cycles do not show marked differences between
specimen orientations. This is in contrast to previous results

for other composite materials (see Reference (1)).

In general, the Thermo-Humidity cycle data corresponds to
approximately 500 hours of constant humidity exposure and the
accelerated weathering data corresponds with approximately 50

to 150 hours of constant humidity exposure.

As described elsewhere (1) this correspondence of the cyclic
humidity conditioning to the steady exposure is related to the
total exposure time to high humidity conditions.

Figures 2 and 3 show the effects of various steady and
cyclic humidity conditioning on the tensile stress-strain be-
havior of 0° and 90° Thornel 300 Graphite/Narmco 5208 composites.

The effects of the various conditioning treatments on speci-
fic properties are seen in Figs. 4 to 9 where strengths <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>